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Abstract
X-ray and γ-ray observations can help understand the origin of the electron
and positron signals reported by ATIC, PAMELA, PPB-BETS, and Fermi. It
remains unclear whether the observed high-energy electrons and positrons are
produced by relic particles, or by some astrophysical sources. To distinguish
between the two possibilities, one can compare the electron population in
the local neighborhood with that in the dwarf spheroidal galaxies, which are
not expected to host as many pulsars and other astrophysical sources. This
can be accomplished using X-ray and γ-ray observations of dwarf spheroidal
galaxies. Assuming the signal detected by Fermi and ATIC comes from
dark matter and using the inferred dark matter profile of the Draco dwarf
spheroidal galaxy as an example, we calculate the photon spectrum produced
by electrons via inverse Compton scattering. Since little is known about the
magnetic fields in dwarf spheroidal galaxies, we consider the propagation of
charged particles with and without diffusion. Extending the analysis of Fermi
collaboration for Draco, we find that for a halo mass ∼ 109M⊙, even in the
absence of diffusion, the γ-ray signal would be above the upper limits. This
conclusion is subject to uncertainties associated with the halo mass. If dwarf
spheroidal galaxies host local magnetic fields, the diffusion of the electrons
can result in a signal detectable by future X-ray telescopes.
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1. Introduction
The nature of cosmological dark matter remains a tantalizing puzzle [1].
If dark matter is made up of weakly interacting massive particles (WIMPs),
their annihilation products may be observed and used for identification of the
dark-matter particles. PAMELA [2], ATIC [3], PPB-BETS [4], and Fermi [5]
have observed unexpected features in the electron and positron spectra at
high energies. The high-energy electrons and positrons could come from the
annihilations or decays of dark matter particles [6, 7, 8, 9, 10, 11, 12, 13, 11,
14], but they could also be produced by astrophysical sources, such as pulsars,
supernova remnants and Gamma-Ray Bursts (GRBs) [15, 16, 17, 18, 19, 20,
21, 22]. Theoretical models of dark matter can accommodate a wide range
of parameters (see for example Refs. [23, 24, 17]). Astrophysical models of
particle acceleration by pulsars are also uncertain, but they can also account
for the observed signal. To distinguish between the two possibilities, it would
be desirable to compare the electron and positron populations in the local
neighborhood with that in some other parts of the galaxy, which are known to
be devoid of pulsars and other potential astrophysical sources of high-energy
particles. Dwarf Spheroidal Galaxies (dSphs) present such an opportunity,
provided that one can infer the photon spectra generated by the interaction
of electrons and positrons with the Cosmic Microwave Background radiation
(CMB).
Observations of dwarf spheroidal galaxies have recently been used in
a dedicated search for decaying dark matter in the form of sterile neutri-
nos [25, 26]. Sterile neutrinos are expected to undergo a two-body decay,
producing a narrow line in the X-ray spectrum (for a recent review, see,
e.g., Ref. [27]). Detection of WIMP, which are much heavier and which an-
nihilate rather than decay, presents a very different challenge [28]. For a
number of WIMP models, the X-ray and γ-ray signals would be too faint
to observe in the foreseeable future, but the same models would predict the
flux of high-energy electrons and positrons well below the levels observed by
ATIC, PAMELA, PPB-BETS, and Fermi. A Breit-Wigner resonance [6] or
long-range interactions [10, 29] could increase the dark matter annihilation
cross section, but it is difficult to reconcile Sommerfeld enhancement with
the primordial relic abundance of WIMP or with the µ-type distortion of
the CMB energy spectrum [30, 31]. One does expect a boost factor from
the small scale structure of dark matter, but the required values are well in
excess of one’s expectations based on numerical N-body simulations.
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In the absence of a compelling theoretical framework, we will not try to
relate our predictions to any specific model of dark matter, but we will focus
on a model-independent determination of whether the high-energy electrons
originate from dark matter (which is abundant in both the local neighbor-
hood and in a dwarf spheroidal galaxy), or from some astrophysical source
candidates (whose population in a dwarf spheroidal galaxy is suppressed).
2. Photon spectra
Let us consider the spectrum of CMB photons up-scattered to the X-ray
and γ-ray bands by the Inverse Compton Scattering (ICS) of electrons and
positrons, produced by the annihilation of dark-matter particles, in dwarf
spheroidal galaxies. For any self-annihilating dark matter candidate, we de-
fine the number density per unit time and energy of a certain species i in the
final state of the reaction as
Qi(~r, E) = 〈σv〉0
ρ2χ(~r)
2m2χ
Ni(E), (1)
Ni(E) describes the energy dependent differential number of particles of
species i produced during each annihilation process. Ni(E), the mass of
the dark matter particle mχ, and the annihilation rate at zero temperature
〈σv〉0 are the only parameters in Equation (1) that are sensitive to the dark
matter model. Note however that in reality, 〈σv〉0 is strongly constrained by
the dark-matter abundance inferred from WMAP data [32].
The remaining parameter is the radius-dependent dark matter halo den-
sity profile ρχ(~r), which we will take to be the Navarro, Frenk and White
(NFW) profile [33] under the assumption that the dark matter is cold, as is
the case for WIMP candidates. In this study in particular, we will consider
the dark matter profile of the Draco dwarf Spheroidal [34] as an illustrative
example of our technique and for comparison with previous work [35, 36, 37].
The Draco dSph is located at a distance DdSph ∼ 80 kpc from the earth.
Based on [34] we will take the scaling density and the scaling radius of the
NFW profile to be log
(
ρs
M⊙ kpc
−3
)
= 7.20 and log
(
rs
kpc
)
= 0.45. The corre-
sponding virial mass of the dSph is Mvir = 4.6× 109M⊙.
To calculate the photon spectrum, we consider the production of electrons
and positrons and their propagation in the interstellar medium until the
point where they interact. In theory, the process could be simulated using
3
a numerical program such as GALPROP [38], but little is known about the
properties of the interstellar medium surrounding dwarf spheroidal galaxies.
In light of these considerations, we will address two different cases: with and
without diffusion. Provided that the faintness of dSphs is due to their low
stellar and gaseous content [39, 40, 41], the magnetic fields populating dwarf
spheroidals are likely to be extremely small if at all existent. Magnetic fields
play a crucial role in the diffusion process, trapping charged particles in the
local neighborhood of the galaxy and increasing their interaction time. In
the absence of magnetic fields the electrons and positrons created during the
dark matter annihilation can escape freely. We will therefore calculate the
expected signal first for the case where the electrons interact with the CMB
as they freely leave the dSph. Second, for completeness, we will address
the possibility that, although unlikely, magnetic fields do exist in the local
neighborhood of dSphs; we will thus also derive the expected signal under
the assumption that the electrons and positrons are subject to diffusion.
2.1. Spectrum in the absence of diffusion
In the absence of magnetic fields, the electrons and positrons created
during the annihilation process are free to escape the local neighborhood of
the dwarf spheroidal. These relativistic electrons have enough energy to up-
scatter CMB photons to the X-ray and γ-ray bands through inverse Compton
scattering. In the Klein-Nishina limit, where in the rest frame of the electron
the energy of the photon is ǫ≫ mec2, the energy spectrum of the up-scattered
photon is [42]:
dNp
dt dǫu
(ǫu, ǫ, γe) =
2πr20c
γ2e
nCMB(ǫ)
ǫ
(2)
×
[
2q ln q + (1 + 2q)(1− q) + Γ
2q2
2(1 + Γq)
(1− q)
]
,
where
Γ =
4ǫγe
mec2
, q =
Eu
Γ(1−Eu) , Eu =
ǫu
γemec2
, (3)
ǫu is the energy of the up-scattered photon, nCMB(ǫ) is the black-body spec-
trum of the CMB, and r0 is the classical electron radius. The final energy of
a photon going through inverse Compton scattering should not only depend
on the initial energies of the photon and electron, but also on the angle of
the initial collision and on the final scattering angle. In the case of the CMB,
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the photon bath in which the electron is traveling is isotropic, thus Equa-
tion (3) was obtained by averaging over all incoming photons angles, and by
integrating over the total scattering solid angle.
As they escape, the electrons will lose energy through various processes
(synchrotron, ICS, bremsstrahlung, ionization). At the scale of the excess
observed by Fermi and PAMELA, the dominant source of loss is ICS, and
the rate at which the electrons dissipate energy is given by:
bIC(E) =
(
0.25× 10−16GeV s−1
)( E
1GeV
)2
. (4)
This is a really small effect. The typical distance between a dSph of the
local group and the earth is on the order of ∼ 100 kpc, and as mentioned
previously, in our case, the distance to Draco is DdSph ∼ 80 kpc. On that
length scale, a 1TeV electron will not lose more then 10% of its original
energy. Therefore, although the ICS process is important from a physical
point of view as it will give rise to the X-ray and γ-ray signals, it will only
have a minimal effect on the kinetic energy of the escaping electron. From
a mathematical standpoint, the no diffusion case is comparable to making
D(E) arbitrarily large and setting b(E) to zero in Equation (6) (see Section
2.2 for a description of the transport equation). To a good approximation, the
photon flux can be obtained by making the unphysical assumption that the
electrons go through the inverse Compton process without being subjected
to any energy losses. We determine the flux at earth by calculating the flux
going through the surface of a sphere of radius DdSph centered on the Draco
dSph. The interaction time of each electron as it moves radially outward to
the surface of the sphere with constant energy is tint ∼ DdSphc . The flux at
earth is then:
FND(ǫu) ∼ 1
4πD2dSph
∫
dE dǫ dV Qe(~r, E)
dNp
dt dǫu
(
DdSph
c
)
, (5)
The volume integral is performed over the halo of dSph up to a distance of
2.5 kpc, and the two integrals over the incoming electron and photon energies
are performed over the kinematically allowed range [42].
2.2. Spectrum in the presence of diffusion
To determine the differential electron density in the presence of magnetic
fields we will follow Refs. [35, 43, 36] and model the diffusion and energy loss
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with the following transport equation:
∂
∂t
dne
dE
= ∇
[
D(E,~r)∇dne
dE
]
+
∂
∂E
[
b(E,~r)
dne
dE
]
+Qe(E,~r), (6)
where D(E,~r) is the diffusion coefficient, b(E,~r) is the energy loss term, and
dne
dE
is the sum of the differential electron and positron densities. Under the
simplifying assumptions that the system has reached equilibrium, and that
the diffusion and the energy loss terms are spatially homogeneous, Eq. (6)
becomes:
D(E)∇2dne
dE
+
∂
∂E
[
b(E)
dne
dE
]
+Qe(E,~r) = 0. (7)
We will assume a diffusion term of the form [43, 44, 45]:
D(E) =
d
2/3
B
B
1/3
µ
D0
(
E
1GeV
)γ
, (8)
where dB is the minimum scale of uniformity of the magnetic field, Bµ is the
size of the magnetic field in µG and D0 is a constant.
A slightly different model was considered in Ref. [46] to study the energy
spectrum of synchrotron radiation in the Milky Way. Although the study
assumed a departure from equilibrium, and a constant diffusion coefficient,
it found an electron spectrum similar to our results.
Based on the analysis of cosmic ray fluxes in the Milky Way Ref. [47] found
0 ≤ γ ≤ 1 with a preferred value of γ = 0.7. The value of d2/3B D0 is not well
known. In the same reference, a median value of D0 = 1.1 × 1027cm2 s−1
was used. However, this parameter depends on the magnitude and size of
magnetic field inhomogeneities, which are unknown for systems such as dwarf
spheroidal galaxies. Our choice of parameter will be discussed further is
Section 3.2.
The energy loss term is [35, 43]
b(E) = b0IC
(
E
1GeV
)2
+b0syn
(
B
1µG
)2 (
E
1GeV
)2
+b0couln
(
1 +
1
75
log
(
γe
n
))
6
+b0bremn
[
log
(
γe
n
)
+ 0.36
] (
E
1GeV
)
,
where b0IC = 0.25 × 10−16GeV s−1, b0syn = 0.0254 × 10−16GeV s−1, b0coul =
6.13×10−16GeV s−1 and b0brem = 1.51×10−16GeV s−1; n defines the electron
thermal density and is taken to be n = 10−6cm−3, while γe is the usual
relativistic γ-factor of the electron.
Eq. (7) can be solved exactly [43]. The solution takes the form:
dne
dE
(E,~r) =
1
b(E)
∫ Mχ
E
dE ′G(r,∆v)Qe(E
′, ~r), (9)
where
G(r,∆v) =
1√
4π∆v
∞∑
n=−∞
(−1)n
∫ rh
0
dr′
r′
rn
ρ2χ(r
′)
ρ2χ(r)
(10)
×
[
exp
(
−(r
′ − rn)2
4∆v
)
− exp
(
−(r
′ + rn)
2
4∆v
)]
.
Here rn = (−1)nr + 2nrh, and rh is the diffusion radius. We will take our
diffusion radius to be twice the visible radius. Finally we will define ∆v =
v(E)− v(E ′) with:
v(ψ) =
∫ ψ
ψmin
dy D(y) (11)
ψ(E) =
∫ Emax
E
dE ′
b(E ′)
.
For the relevant parameter values for this problem, Eq. (10) is safely con-
vergent after 10 iterations. One finally obtains the overall photon spectrum
by folding the differential electron density with the Klein-Nishina spectrum.
Again, the integrals have to be performed over the volume of the dSph, and
for the allowed kinematic range:
dNX−ray
dt dǫu
(ǫu) =
∫
dE dǫ dV
dNp
dt dǫu
dne
dE
. (12)
The flux near the earth can then easily be calculated:
FD(ǫu) = 1
4πD2D
dNX−ray
dt dǫu
(ǫu), (13)
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3. Application
3.1. Source function from Pamela and Fermi
Based on the Pamela and Fermi results, we would like to deduce a model
independent source function, Q(E,~r), for the electrons created during the
annihilation of the dark matter particles. If one assumes that the function
doesn’t change with time, then from Equation (1) one can write:
Q(E,~r) = q(E)ρ2χ(~r), (14)
where q(E) contains all model dependent terms, including the boost factors.
If we consider the flux per unit energy caused by an infinitesimal element
of Q and assume spherical symmetry we find,
dF
dE dr
= q(E)ρ2χ(r) (15)
It seems reasonable to integrate this out to the typical propagation length of
the electrons given by [43]
lprop ≈
√√√√D(E)E
b(E)
, (16)
where the functions D(E) and b(E) were defined previously. We take D0 =
1.1×1027cm2s−1, γ = 0.7 and use IC scattering as the dominant part of b(E).
Since lprop is only a few kpc’s we take the local Milky Way value of ρχ(r)
as roughly constant at 0.35GeVcm−3 and compare the total flux to those
measured by Pamela and Fermi to get
q(E) = β
(
E
1GeV
)−a
(17)
Where β ∼ 6× 10−26GeV−3cm3s−1 and a ∼ 1.88.
3.2. Choice of diffusion constant
Very little is known about the interstellar medium and magnetic fields
in dwarf spheroidal galaxies. The dynamo mechanism driven by differen-
tial rotation and the wind produced in supernovae are almost certainly not
operational in a dwarf spheroidal galaxy [48, 49]. While it is possible that
the dSphs could create their own galactic wind due to the energy output by
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stars [50], they should be strongly affected by ram pressure and stripping due
to the wind of the mother galaxy [51]. It is probably unlikely that apprecia-
ble magnetic fields could build up in dwarf spheroidal galaxies, and so the
effects of diffusion should not be very important. However, for the purpose of
completeness we include diffusion in our analysis. Since the dynamo action is
almost certainly not scalable from the mother galaxy to dwarf galaxies, the
value of D0 can differ significantly from what one obtains using the scaling
arguments. If one assumes that the spectrum of fluctuations of the mag-
netic field follows a Kolmogorov spectrum, one can show that the diffusion
constant must be given by Eq. (8). Since very little is known about the
magnetic field structure of dwarf spheroidal galaxies we look at two different
possibilities. First we will consider the preferred Milky value of 1027cm2s−1
[47]. Furthermore, since lower magnetic fields generate higher diffusion coef-
ficients, and because we expect the magnitude of the magnetic fields present
in the dSph to be very small we consider 1029cm2s−1 as well. We also vary
the magnetic field from 0.1− 1.0µG.
3.3. Results
We should emphasize that similar studies have been performed by the
Fermi collaboration and by other groups [35, 36, 37], however the studies
were never performed in a model independent manner and only included the
diffusion dependent case, which we believe to be physically inaccurate.
In Fig. 1 through Fig. 3(d) we present the results of our analysis. Fig.
1 presents the photon spectra in the absence of diffusion, while Fig. 3(a)
through Fig. 3(d) present the cases where diffusion is present. Note that
for those cases where we include diffusion, we only present results for a Kol-
mogorov spectral index γ = 0.3. The spectra resulting from the case of the
Milky Way preferred value, namely γ = 0.7, though slightly lower in magni-
tude, were not significantly different from the ones presented here and were
therefore omitted. As a systematic check, in the case of diffusionless trans-
port, we calculated the photon spectra using a Monte Carlo which followed
individual particle as they traveled from Draco to the earth. The result of
the Monte Carlo simulation is presented in Fig. 2.
Our results are very sensitive to the lower energy cutoff of the initial
electron and positron populations (i.e. to the lower limit of the incoming
electron energy integral in Eq. (5) and Eq. (13)), thus we present our
results for various threshold energy values. Based on the shape of the excess
presented by Fermi, we place an artificial cutoff on the incoming electron
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Figure 1: Photon spectra in the absence of diffusion, for γ = 0.3.
spectrum at E = 900GeV. The location of the high energy cutoff however,
has very little effect on the resulting photon flux. This is in part due to the
fact that the incoming photon flux is very low at high energies.
The predicted spectra in the case where diffusion is present is on aver-
age significantly higher than in the absence of diffusion. This is because,
as aforementioned, in the presence of diffusion the electrons are effectively
trapped by the magnetic fields, increasing their interaction time and conse-
quently increasing the resulting photon signal. As it can be seen from Fig.
3(a) through Fig. 3(d), our predicted signal in the hard X-ray band is highly
sensitive to the magnetic field strength, and the the electron positron signal
low energy threshold is required to extend below 10GeV. Simulations of the
predicted spectra as observed by the Suzaku Hard X-ray Detector (HXD)
demonstrate that the dark matter signal, even under optimistic assump-
tions, is overwhelmed by cosmic and internal backgrounds. The prospects
are considerably improved with respect to the next generation of hard X-ray
telescopes. We have constructed simulated Astro-H spectra, adopting the
optimal parameters for detection (solid line in Fig. 3(a)), to assess the feasi-
bility of targeting the Draco dwarf spheroidal, or a similar system, with this
observatory.
With regard to the Astro-H Hard X-ray Imaging System [52], we consider
the “all-layers configuration” 20 − 70 keV band, and use simulated spectra
to predict the source counts from Draco, as well as the cosmic X-ray and
10
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Figure 2: Monte Carlo results for photon spectra in the absence of diffusion for a variety
of low energy cutoffs.
detector non-X-ray (particle) backgrounds (CXB and NXB, respectively).
The currently available spectral response and simulation files enable one to
consider sources with X-ray emission that is either spatially unresolved by
the ∼ 1.5′ half-power diameter mirror [53] (1.8′ circular aperture spectral
extraction region assumed) or flat over (at least) four square degrees (full
8.6′ × 8.6′ field-of-view extraction region assumed). In the latter case, the
predicted source count rate in the 20− 70 keV bandpass is 0.00135 ct s−1, as
compared to ∼ 0.0034 ct s−1 from the cosmic X-ray background (CXB) and
∼ 0.0185 ct s−1 for the detector non-X-ray (particle) background (NXB) – so
that deep exposures and highly accurate background calibration would be
required. However, unlike the backgrounds that are flat, the dark matter
signal is highly peaked with 3−10% of the signal enclosed within the central
0.03 deg [54]. As a result, based on scaling using the reduction in beam, and
the vignetting derived from the provided effective area functions, we find that
the signal-to-background ratio may be boosted by as much as an order of
magnitude with a judicious choice of spectral extraction region. The Nuclear
Spectroscopic Telescope Array (NuStar) mission has similar capabilities in
terms of bandpass, sensitivity, background, and angular resolution to the
of the Astro-H HXI. The Astro-H Soft Gamma-ray Detector (SGD) [55] is
more sensitive still, despite its lack of optics, due to the flat predicted source
photon spectra, and observed 40 keV cutoff of the CXB. Using the same
11
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Figure 3: Photon spectra for γ = 0.3 and for a low energy threshold of 1GeV (blue,
solid), 5GeV (orange, dash), and 10GeV (red, dot-dash). Figure 3(a): diffusion constant
D0 = 10
27cm2s−1, magnetic field B = 1µG. Figure 3(b): D0 = 10
27cm2s−1, B = 100 nG.
Figure 3(c): D0 = 10
29cm2s−1, B = 1µG. Figure 3(d): D0 = 10
27cm2s−1, B = 100 nG.
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assumptions as above, the predicted SGD Draco count rate is 0.012 ct s−1 in
the 40−300 keV band. 100000 sec SGD simulations predict that the flux and
high energy photon index may be determined to ∼ 10% accuracies. In the
event of a detection with Fermi, these hard X-ray and soft γ-ray observations
could be used to constrain the propagation of the dark matter annihilation
products.
The γ-ray signal should be observable by the Fermi satellite. The analysis
done by the Fermi collaboration [37] sets flux upper-limits for the gamma-ray
signal from various dwarf spheroidals. Assuming the γ-rays originating from
the dSphs followed a power law:
FdSph = F0
(
E
E0
)−ζ
, (18)
and accounting for all other known sources in the field of view of the tele-
scope at the time of the observation as well as for the galactic diffuse emission
and for the corresponding isotropic component, the Fermi collaboration per-
formed a likelihood analysis to fit the observed spectrum. The power law
presented in Eq. (18) is constrained by the overall normalization F0, and the
spectral index ζ , while E0 is just an arbitrary energy scale. Their analysis
revealed that their current data was consistent with F0 = 0, regardless of
the value of the spectral index ζ , for all observed dSphs. Despite the lack of
clear signal from dwarf spheroidal galaxies, an upper limit on the flux was
derived using a profile likelihood technique. The results of the analysis for
the case of Draco, as they are presented in [37] are shown in Table 1.
Energy E > 100MeV E > 1GeV
ζ 1.0 1.8 2.0 2.2 2.4 1.0 1.8 2.0 2.2 2.4
F0 0.09 0.59 0.94 1.41 1.94 0.06 0.13 0.16 0.21 0.26
Table 1: Upper-limit on the flux F0, in units of 10−5m−2 s−1, coming from the draco
dwarf spheroidal galaxy at the 95% Confidence Level
The no-diffusion cases, Fig. 1 and Fig. 2, produce the lowest flux and are
still comfortably above these upper limits. The GeV signal is insensitive to
the low energy cutoff of the original electron positron signal and is dominated
by the IC scattering off the CMB. Thus, it becomes very difficult to reconcile
these flux upper limits with the predicted signal without having a dark matter
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component in dwarf spheroidals that differs significantly from the local dark
matter population. This could be a hint that astrophysical sources may be at
the origin of the signal. However, the discrepancies could also be the result
of the large uncertainty in the overall mass of the dSph, which would directly
impact the NFW profile of the halo.
4. Conclusion
Current and future observations of dwarf spheroidal galaxies with γ-ray
detectors and with the next generation X-ray telescopes may be able to
probe the origin of high-energy electrons and positrons observed by Fermi
and PAMELA. Current results from Fermi, which we have extended to the
possible case of non-diffusive propagation in a dwarf spheroidal galaxy, seem
to be in conflict with the most conservative γ-ray prediction from an almost
model independent analysis of an assumed dark matter signal. The litmus
test for dark matter annihilations as the possible origin of these signals comes
from comparing the high-energy particle fluxes in a dwarf spheroidal galaxy
and in the local neighborhood of the Milky Way disk.
Dark matter dominated systems, such as dwarf spheroidal galaxies, should
generate a predictable flux of the dark-matter annihilations products, subject
to mass model uncertainties. At the same time, most of the astrophysical
sources capable of producing high-energy particles in the sun’s neighborhood
are absent in dwarf spheroidal galaxies, which have very few stars and very
little gas as compared with their dark matter content. The high-energy
electrons and positrons produced in dwarf spheroidal galaxies can generate
X-rays and γ-rays by up-scattering CMB photons to higher energy bands.
The predicted fluxes are above the upper limits set by Fermi for Draco;
although this result could be interpreted as favoring an astrophysical source
for the excess of high energy electrons and positrons in our galaxy, the large
uncertainty in the mass of the halo limit the strength of this interpretation.
Better mass measurements need to be obtained before conclusions can be
made.
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